Real walking is a means to explore virtual environments that are even larger than a physical space. Avoiding collisions with the physical walls necessitates a system to warn users. This paper describes the design and implementation of a multi-phase warning system as a solution to this safety necessity. The first phase is a velocity-based warning based on time-to-impact. The second phase is distance-based and designed as an emergency warning. Combinations of acoustic and visual feedback mechanisms were tested in a study with 13 participants. The quantitative measures show that the system keeps users safe, while allowing them to freely explore the virtual environment.
INTRODUCTION
Real walking is the most natural means of navigating a virtual environment. In comparison with other locomotion means it has many benefits. For example, real walking is beneficial for user presence, which relates positively to the degree of association that the user has with the virtual environment [4] . Ruddle showed that task performance improved for navigation search tasks and obstacle avoidance [6] , since real walking provides vestibular and sensory feedback to the user and thus helps to create a more natural experience.
Redirected walking, as proposed by Razzaque et al. [5] , is an active approach to navigate virtual environments using real walking. Using a subtle rotation of the virtual environment, the user walks on a curved path while visually perceiving a movement along a straight line. Redirected walking therefore necessitates warning systems to prevent collisions with walls of the physical environment. Although the redirection and reset techniques would prevent collisions, they can still occur if the user misses the reset cue because he is walking too fast or is distracted. Thus, this paper introduces a 2-phase warning system which is triggered under different conditions. The first phase is velocity-dependent, while the second phase is meant as an emergency stop and is solely distance-dependent.
RELATED WORK
Collision warnings can be separated based on the sensory feedback. In virtual reality, the senses most relevant are auditory and visual.
Audio interfaces are a viable means of communicating directional information to users and can be helpful when the visual channel is preoccupied. Afonso and Beckhaus demonstrated the potential of using auditory feedback for collision avoidance by using spatial sound played over surround loudspeakers to indicate obstacles in close proximity in 8 equidistant directions around the user [1] . * e-mail: zank@iwf.mavt.ethz.ch † e-mail:yaoc@student.ethz.ch ‡ e-mail:kunz@iwf.mavt.ethz.ch
Visual feedback uses visual cues to warn the user. The effectiveness of visualization depends on factors such as display resolution and the content presented. In a rich visual environment with many features and visual references, vision and optic flow is used to govern the steering of human walking [8] .
When exploring virtual environments, collisions are undesirable and should be avoided. Collision avoidance feedback considers the reaction time of the user since it is not guaranteed that receiving a collision warning will stop a user on the spot. What is more likely is a slight delay where the user takes an extra step before stopping.
To prevent collisions, several methods were proposed. One method is to use virtual stop signs to notify the user of the physical wall [3] . A second method is the use of a "Magic Barrier Tape" [2] . It delineates the physical boundary and makes use of its natural message -do not cross this line! A third method includes an animated bird called the "Virtual Companion" [3] . When the user is about to collide with the physical wall, the bird turns from blue to red and flies up into the user's face. Its intent is to force the user to step backwards when he is too close to the physical wall. The HTC Vive "Chaperone" warning system is a commercial example of a visual feedback system to avoid user collisions [7] .
All above methods are distance-dependent and do not take into account the user's walking speed. Thus, we introduce a two-phase warning system, which takes into account the user's distance to a wall, but also his walking speed. The remainder of the paper describes the system, followed by the user study and the achieved results. The paper concludes with a summary and an outlook.
THE MULTI-PHASE WALL WARNING SYSTEM
We propose a 2-phase wall warning system. Both sub-phases form a holistic wall warning system. In this section, the sub-phases are described. Additionally, the sub-phases are further classified according to the type of sensory feedback they provide.
The Sub-phases of the System
The velocity-based phase 1 makes use of the time until the user would collide with the wall and he is warned if this time is below 3.5 seconds. The user's time to impact is calculated using a raycasting method. In an ideal scenario, phase 1 would be sufficient for a wall warning system. However, there are certain cases, e.g. when the user stops moving in phase 1, where the velocity-based warning needs to be supplemented by an additional algorithm.
Phase 2 is a distance-based wall warner that acts as an emergency warning system. It complements the velocity-based phase 1. At a distance of 0.5 meters (3/4 of a full step) to the wall, phase 2 is activated. Phase 2 becomes necessary since, in some cases, the velocity based phase 1 is insufficient for keeping users safe. There might be a scenario where the user is standing still, but is also within 0.5 meters of hitting the wall. Since he is not moving anymore, his velocity is 0 and phase 1 is not activated. Thus, with his next step, he would walk right into the wall without any warning. where the wall would be, and ii) a 3D auditory beep placed in the virtual world at the location of the physical wall nearest to the user.
Wall Warner Outputs
The visual-visual combination uses a floating circular section for phase 1, containing a red grid pattern which increases in diameter with decreasing time to impact. If the user stops in phase 1, the grid would disappear again while it does not when he is in phase 2.
The audio-visual combination uses a beep for phase 1, and shows a visual grid for phase 2. The beep in phase 1 is only audible while the user is moving. For phase 2, also the grid will be visible.
The visual-audio combination uses the floating circular grid for phase 1, while there is a beep for phase 2. When entering phase 2, the visual grid section will still be visible as a result of phase 1.
The audio-audio combination uses a beep at a slow pace for phase 1. The volume increases as the user moves closer to the wall. Phase 2 has a much faster beep pace, but still uses the same beep sound. The volume is constant in this phase.
USER STUDY DESIGN
To evaluate the system, a series of travel-to-target tasks was conducted. For each geometry variant (Figure 1) , the start and the end points were always visible, while all obstacles were not, and the user could only perceive them using the warning systems. The layouts were presented to the user in a randomized order. Participants were instructed to reach the end point without colliding with a wall. Users wore an Oculus Rift DK2 running at 75 fps, connected to an HP Elitebook 8560w laptop strapped to a backpack. The participant also wore headphones for the audio feedback. To enable real walking, the setup included an Intersense IS-1200 positional tracker mounted on top of the Oculus HMD which provided 6 DOF data. The experiment was conducted in a 12x6 m room.
EXPERIMENTAL RESULTS
Thirteen participants took part in the user study. 6 were female and 7 were male. Their ages ranged from 22 to 35. All of them had normal or corrected-to-normal vision, no perception problems, and were totally naive to the study. All participants were volunteers and none of them experienced simulator sickness during the experiment. The task was to navigate from the start to finish points.
From the Intersense IS-1200, the positions of the users over time were recorded along with the corresponding time stamps for each position. From this, the paths of each participant for each level were visualized. Furthermore, a path visualization of when a user is walking versus of when he has stopped was generated. A sample plot for a single user is shown in Figure 2 . If the times when standing still are compared to the the time the user is really walking, the visual-visual combination performed best. We also measured the time the users spent in phase 2. Also under this aspect the visualvisual combination performed best.
For the audio-audio combination being ranked worst, the path plot does not show a smooth walking behavior one could expect from consistent natural walking. It can be seen that a user's path contains many abrupt stops. Moreover, even between the stopping points there is no smooth walking behavior because users were walking untypically slow and thus the body sway becomes visible.
To sum up, the visual-visual system was mostly appreciated by the users, since it allowed for the most natural walking behavior. This was only partly supported by the audio-visual and the visualaudio combinations, and poorly by the audio-audio combination. In addition, however, the combinations that did not perform well in our study might become relevant depending on the given task. Since we performed the user study in an empty virtual space, the visual warners were not annoying. This might be different when the user has to concentrate on a visual task in the virtual environment.
CONCLUSION AND FUTURE WORK
We introduced a 2-phase warning system to avoid user collisions with walls during redirected walking. The system consists of any combination of audible and visible alerts for these two phases, from which the visual-visual was ranked best. Future work will focus on the comparison with state-of-the-art single-phase warning systems. We then will research adaptive visual warners that consider the background's color and also the content the user might focus on. In addition, a user study will verify the warners' effectiveness in a more realistic virtual environment with a visual task for the user.
